A numerical study is performed to investigate heat transfer and fluid flow in the hydrodynamically and thermally fully-developed region of an annulus, consisting of a heated rotating inner cylinder and a stationary insulated outer cylinder. Emphasis is placed on the effect of rotation of an inner core on the flow structure and the thermal field. A Reynolds stress turbulence model is employed to determine three normal components of the Reynolds stress and its off-diagonal one. The turbulent heat flux is expressed by Boussinesq approximation in which the eddy diffusivity.for heat is given as functions of the temperature variance 7 and the dissipation rate of temperate fluctuations ct. The governing boundarylayer equations are discretized by means of a control volume finite-difference technique and numerically solved using the marching procedure. An inner core rotation causes an amplification of the three normal components of the Reynolds stress over the whole cross section, resulting in a substantial enhancement in the Nusselt number.
INTRODUCTION
The convective heat transfer in turbulent swirling flows is often encountered in chemical and mechanical mixing and separation devices, electrical and turbo-machinery, combustion chambers, pollution control devices, swirl nozzles, rocketry, and fusion reactors. In these flow fields, the heat transport phenomena in connection with the flow and the turbulence properties are substantially influenced by the centrifugal force induced by the swirl. In other words, the turbulent transfer of heat and momentum is suppressed or promoted by the interaction between turbulence and centrifugal force associated with the swirl. Murakami and Kikuyama (1980) measured the velocity profile and hydraulic loss in a hydrodynamically fully-developed flow region of a rotating pipe. It was disclosed that both turbulence and hydraulic loss were remarkably reduced due to pipe 36 S. TORII AND WEN-JEI YANG rotation and that streamwise velocity profile gradually deformed into a parabolic form with an increase in its speed. Kikuyama et al. (1983) analyzed the variation of streamwise velocity profiles using a modified mixing length theory proposed by Bradshaw (1969) . A combined experimental and theoretical study was performed by Hirai and Takagi (1988) using the Reynolds stress model to determine the effects of pipe rotation on fluid flow and heat transfer in a thermally and hydrodynamically fully developed flow region. It was found that an increase in the rotation rate resulted in a decrease in heat transfer performance with the Nusselt number asymptotically approaching that of a laminar pipe flow. Fluid. flow and heat transfer characteristics in the thermally and hydrodynamically developing and fully-developed regions of an axially rotating pipe were investigated by Torii and Yang (1995a,b) using the existing k-c turbulence models in which they are modified to include the swirling effect.
On the contrary, an effect of promoting the turbulent transport of heat and momentum by the centrifugal force occurs in a concentric annulus with an inner cylinder rotating around the axis, in which Taylor vortices appear (Kuzay and Scott, 1975; 1976) . Such swirl flow is referred to as circular Couette flow, which implies a flow with one surface rotating and the other stationary (or both surfaces rotating in the same direction at different angular velocities). Hirai et al. (1987) conducted an experimental study on an effect of inner core rotation on turbulent transport of momentum by using a two-color laser Doppler velocimeter. It was disclosed that the Reynolds stresses increase due to the swirl. Torii and Yang (1994) analyzed heat transfer mechanism in annuli with an inner core rotation by means of several different two-equation k-c turbulence models. It was found that (i) in the entrace region, the axial rotation of the inner cylinder induces a thermal development and causes an increase in both the Nusselt number and the turbulent kinetic energy in the inner cylinder wall region, and (ii) in the fullydeveloped region, an increase in the Taylor number causes an amplification of the turbulent kinetic energy over the whole cross section, resulting in a substantial enhancement in the Nusselt number.
A k-e model, which is one of the two-equation models of turbulence, is popular in computational analyses of turbulent flow. However, in the case of an annular duct flow, the importance of taking the effect of the term, -uv utOU/Or, into account is recognized. This is because the time-averaged local shear stress, -uv, does not go to zero at the radial location where the time-averaged streamwise velocity has its maximum value, i.e. a radial gradient of zero (Rehme, 1974) . Furthermore, since the twoequation k-e model basically assumes isotropic turbulence structure, it cannot precisely reproduce the anisotropy of turbulence caused by the inner core rotation. In order to obtain the detailed information pertinent to the flow structures, it is necessary to employ the higher order closure model, i.e. a Reynolds stress turbulence model.
Throughout the numerical simulations for the above turbulent heat transport problems in the swirling flows, the turbulent heat flux in the energy equation is modeled by using the classical Boussinesq approximation. The unknown turbulent thermal diffusivity Oz is obtained from the definition of the known turbulent viscosity ut and the turbulent Prandtl number Prt as O t---ut/Prt. In this formulation, an analogy between eddy diffusivities of momentum and heat is implicitly assumed.
However, shear flow measurements (Hishida et al., 1986) and direct simulation data (Kasagi et al., 1992) (Nagano and Tagawa, 1988) . Thus, the turbulent heat flux model should wait until the Reynolds stress models are tested and well developed, preferably with the near-wall modeling, since the major source of error in heat transfer predictions is that in calculating the velocity field (Kasagi and Myong, 1989) . This paper treats the thermal transport phenomena in a concentric annulus, in which a slightly heated inner core rotates around the axis and an insulated outer cylinder is held stationary. In order to shed light on the mechanism of the transport phenomena, the Reynolds stress turbulence model proposed by Launder and Shima (1989) (10)
The turbulent heat flux -v-7 in Eq. (5) 
The empirical constants and model functions in Eqs. (6)- (12) are summarized in Table I. respectively (Jones and Musonge, 1988; Sommer et al., 1992 
respectively. The empirical constants and model functions in Eqs. (14), (18) (1964) . respectively. It is observed that the model yields a better agreement with the experimental data, and predicts the velocity profile with the well-known characteristics of the logarithmic region, i.e. the universal wall law. Figure 4 illustrates the radial distributions of three normal components of the Reynolds stress tensor. The numerical results are normalized by the friction velocity, U;ut, on the outer wall. The model predicts an inherent anisotropy of the annular flow, although its accuracy is somewhat inferior near the inner and outer walls than in the center region. The predicted radial distribution of the time-averaged temperature in the inner wall side is illustrated in Fig. 5 RESULTS AND DISCUSSION as the parameter. Equation (22), which is under r*=0.8, is superimposed on Fig. 6 Fig. 8(a) . In Fig. 8(b) , the Reynolds stress vw at Ta=0 disappears over the whole cross section of the flow, while it is coursed by the swirl. The similar result, which is obtained in the isothermal circular Couette flow in an annulus, is reported by are illustrated in Fig. 9 in the same form as Fig. 4 at Ta=0 and 5000. One observes that (i) the three normal stress levels over the annular cross section are intensified due to the inner core rotation, and
(ii) this effect becomes larger near the wall sides. Thus this variation corresponds to the enhancement in the turbulent kinetic energy. The radial distribution of the predicted turbulent heat flux is depicted in Fig. 10 Here, the turbulent heat flux is normalized by the product of the friction temperature t* and the friction velocity u* on the outer wall for the annular flow in the absence of the inner core rotation. The turbulent heat flux level in the vicinity of the inner wall is substantially induced with an increase in Ta.
Since the eddy diffusivity for heat is employed to determine the turbulent heat flux, it is directly related to the turbulent kinetic energy, its dissipation rate, the temperature variance, and the dissipation rate of temperature fluctuations, through Eqs. (13) and (14) . Here turbulent thermal diffusivity OZ is rewritten using the time-scale ratio, rm, as The predicted radial change in the time-scale ratio with the inner core rotation (i.e. Ta) is depicted in Fig. 11 . Based on the asymptotic behavior of the turbulent quantities of velocity and thermal fields near the wall, the time-scale ratio becomes infinite under the condition of uniform wall heat flux (Youssef et al., 1992 an effect of inner core rotation on the time-scale ratio, which is used to determine the turbulent thermal diffusivity in Eq. (23), is minor over the flow cross section. Consequently, the turbulent kinetic energy is induced due to the axial rotation of the inner cylinder, resulting in the enhancement of heat transfer performance.
In summary, an increase in the Nusselt number, as seen in Fig. 6 , is caused by the axial rotation of the inner cylinder. The mechanism is that (i) an inner core rotation courses an increase in the streamwise velocity gradient near the inner and outer walls and a presence of the tangential velocity, (ii) the tangential velocity induces a production of the three normal components of the Reynolds stress, and (iii) it yields an enhancement in the turbulent thermal diffusivity, i.e. an amplification of the turbulent heat flux, resulting in an augmentation of heat transfer performance.
CONCLUSIONS
The two-equation model for heat transfer and the Reynolds stress turbulence model have been employed to numerically investigate the thermal transport phenomena in concentric annulus with a slightly heated inner core rotating around the axis. Consideration is given to the influence of inner core rotation on the flow and thermal fields. The results derived from the present study are summarized as follows.
The turbulence models of heat and momentum employed in this work predict an increase in the Nusselt number due to an axially rotating inner cylinder. It is disclosed that (i) the Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced. As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
